were used to manipulate the growth of epidermal keratinocytes in culture. The retinoids used were the TMMP analog of ethyl retinoate (Ro 10-9359), 13-cis retinoic acid, all trans retinoic acid and retinol (trans). These were added to primary neonatal mouse epidermal keratinocyte cultures that proliferate, stratify, and differentiate over 2-3 weeks.
Introduction
Epidermal keratinocytes proliferate and differentiate in a complex, multi-layered pattern. These processes are balanced so that new basal cells are formed as the * These data, in part, were presented at the Proceedings of the International Dermatology Symposium in Berlin, FRG, on October 13, 1980 [33] Send offprint requests to: C. L. Marcelo (address see above)
totally differentiated cornified cells are shed from the surface of the skin [1] . In hyperproliferative and keratinizing skin disorders, an imbalance of epidermal differentiation and proliferation occurs [2] .
Vitamin A controls epithelial differentiation [3 -11] and proliferation [12] [13] [14] [15] in a number of in vitro model systems. Retinoic acid has been shown to stimulate adult guinea pig keratinocyte proliferation during the first 24-60 h of culture [12] [13] [14] , possibly by altering the plating efficiency and cell surface properties of the freshly trypsinized cells. After this initial effect, retinoic acid appears to affect the differentiation of the keratinocytes, primarily by influencing the attachement/ detachment ratio of the keratinocytes [9] [10] [11] and by decreasing keratin [7] and cell envelope formation [8] . Retinoids (vitamin A analogs) other than retinoic acid, however, appear to have different effects on in vitro keratinocytes [15] .
Two vitamin A analogs, Ro 10-9359 (Tigason) and 13-cis retinoic acid (Accutane) have been used successfully in the treatment of cutaneous disorders [16] . We manipulated the growth of in vitro epidermal keratinocytes using primarily these two retinoids to study the relative expression of epidermal proliferation and differentiation.
The primary cultures used in these investigations start as a monolayer of slowly proliferating neonatal mouse basal cells [17] . The cells stratify and differentiate over 2-3 weeks. The resulting culture is a good in vitro model of the epidermis, i.e., a proliferating basal cell population producing layers of more differentiated, shedding keratinocytes [17] . The differentiation of the cultures is assessed, on a gross morphologic level, by use of histochemical stains [17] . Recently, we described a technic that quantitates the proteins that are synthesized and processed during keratinocyte differentiation, i.e., the keratohyalin granule-releated proteins, the non-covalent and disulfide cross-linked keratins and cell envelopes [18] .
Our results showed that all vitamin A analogs tested inhibited both keratinocyte proliferation and differentiation. In addition, these studies indicate that several of the events occurring during keratinocyte differentiation can be separately controlled.
Transmission Electron Microscopy and Phase Microscopy
The keratinocytes are grown on Lux 15 mm round cover slips. At the appropriate times, the cultures were fixed and processed as previously described [17] . The sections were examined in a Philips 300 electron microscope at 60kV. For phase microscopy photography, the cultures are photographed while growing in complete medium. ], and 13-cis retinoic acid (Ro 4-3780) were generous gifts from Hoffmann-La Roche (Nutley, NJ, USA). All-trans vitamin A acid (retinoic acid) and vitamin A alcohol (retinol, trans) were purchased from Sigma (St. Louis, MO, USA). X-Omat X-ray film was obtained from Eastman Kodak (Rochester, NY, USA). Coming plastic products and Costar 24 well plates were used for cell culture preparation and growth.
Materials and Methods

Reagents and Animals
Keratinocyte Cultures
The procedure for isolating neonatal mouse basal cells from full thickness skin was previously described [17] . Viable basal cells are plated in medium 199 plus 13 % FBS containing 50 IU/ml penicillin and 50 gg/ml streptomycin at a density of 2 • 10 s cells per cm 2. The cultures are grown in 5 % CO2 in air, humidified gassing, at 32~ in either 35 or 60 mm Petri dishes. The medium is changed every second day.
Addition of Vitamin A Analogs
All vitamin A analogs were dissolved in DMSO (Sigma) and kept in small volumes with minimal to no airspace at -30 ~ C or -70 ~ C until used. The retinoids were always handled in dimmed light. The analogs were added to the basal cell monolayers on day 3 after plating and with each subsequent medium change. 0.2 % DMSO in growth medium was used as the vehicle control. For autoradiography, keratinocytes grown on round Lux cover slips were processed as previously described [17] .
Labeling of Epidermal Keratinocytes with Tritiated H&tidine
60 mm Petri dishes were pulse labeled for 2 h at 37 ~ C with 10 gCi/ml [3H]his in M-199 diluted 1 : 5 with PBS pH 7.0 on each of 3 days (2, 6 and 10 days after adding the retinoids). After a 2h cold chase with growth medium at 32~ the cultures were washed twice with cold PBS containing 5 rtg/ml PMSF, a protease inhibitor. The cultures were then extracted or stored at -70~ until extraction.
Extraction of Epidermal Keratinocyte Proteins
The cultures were serially extracted using four buffers to yield six fractions as previously described [18] . These are in order of extraction:
Keratohyalin Granule (KG) Fractions (Macroaggregates and High Salt Soluble Proteins).
The cells from 10 cultures are scraped with 1 M KPO4 buffer, pH 7.0, containing 0.22 M 1-histidine plus 10 gg/ml PMSF. After sonication and incubation at 37~ for 30 min with shaking, the samples are centrifuged at 50,000 • (26,000rpm, Beckman type rotor) for 30 min. The supernate is dialyzed against distilled water containing PMSF for several days in the cold. A precipitate containing keratohyalin granule macroaggregates is formed, leaving a supernate containing high salt extractable cell proteins and any serum contaminants, i.e., albumin [18] .
SDS Soluble Proteins.
The ceil residue is further extracted with 2 ml 0.05 M NaPO4 buffer, pH 7.0, containing 1% SDS (w/v) plus 5 p.g/ml PMSF at room temperature for 30 min. This step extracts the soluble proteins from non-enveloped nucleated cells [19] .
Non-Cross-Linked Fibrous Proteins. The detergent insoluble residue
is then extracted using 4M urea in 0.05 M NaPO4 buffer plus 10 Ixg/ml PMSF, pH 7.0, at room temperature for 16 h. The supernate contains, in addition to minor small MW proteins, non-disulfide cross-linked keratin polypeptides.
Covalently Cross-Linked Fibrous Proteins. The 4 M urea insoluble
proteins are further extracted using 2ml 0.05 M NaPO4 buffer, pH7.0, containing 8 M urea, 0.1 M 2-mercapto ethanol and 1 mM DL-dithiothreitol plus 10 ~tg/ml PMSF.
Cell Envelope Proteins.
The remaining pellet consists of cell envelopes [18] .
All the supernates are dialyzed at 4~ against distilled water containing PMSF and then lyophylized. After being resuspended (see legend to Fig. 4 ), 10 gl triplicate aliquots of each fraction are assayed by a modified Lowry technique for protein concentration using serum albumin as a standard [18] . The radioactivity per fraction is determined by liquid scintillation counting. Aliquots containing 25-150gg protein are analyzed using SDS polyacrylamide gel electrophoresis (SDS-PAGE).
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis and Fluorography
SDS-PAGE was performed according to the method of Laemmli at pH 8.8 [20] , as previously described by us [18] . 
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Results
Effect of Ro 10-9359 on Epidermal Keratinocyte Proliferation
Time Course Study. A 17 day study is presented in Fig. 1 . Inhibition of [3H]Tdr incorporation into DNA was caused by 12pg/ml (34~tM) of Ro 10-9359 after 4-5 days; this inhibition was most pronounced 7-11 days after adding the drug (50-60 % inhibition). The drug effect decreased on days 14-17 for the 12 ~tg/ml dose. At no time was stimulation of proliferation seen. The retinoid did not change the amount of total protein per culture, and the total DNA in the treated cultures was equal to or slightly greater than the control value (data not presented). Autoradiography showed that Ro 10-9359 significantly decreased the percentage of labeled cells (part of Table 1 ).
Dose Response Study. Dose response studies using Fig. 2 a --c . The 12, 6 and 3 ~g/ml doses inhibited the proliferation of the cultures after 9 days by 4 0 -5 0~ (Fig. 2a) . The 0.05 gg/ml dose inhibited approximately 25 ~, while the two lowest doses had no statistically significant effect. Figure 2b presents the dose response after 13 days of growth in Ro 10-9359. The three lowest doses now inhibited 2 0 -5 0 ~ while the three higher doses inhibited by 50 ~ epidermal keratinocyte proliferation.
In Fig.2c , the dose response, seen on day 17, is graphed. Two effects were seen: first, the 0.05, 0.01 a n d In this way an acurate comparison among the cultures can be made [18] 0.005lag/m1 doses became strongly inhibitory ( 5 0 -60 ~) ; second, the 3 and 6 ~tg/ml doses showed partial loss of inhibition, and the 12 ~tg/ml dose completely lost its inhibitory effect.
Comparisons of the Effect of Four Retinoids on Epidermal Keratinocyte Proliferation
The effect of 12 lag/ml 13-cis retinoic acid, o f all transretinoic acid o r o f retinol was c o m p a r e d with that o f the R o 10-9359 analog. These and the a u t o r a d i o g r a p h y d a t a are presented in Table 1 . All trans-retinoic acid, 13-cis retinoic acid and retinol were m o r e potent inhibitors of keratinocyte proliferation than R o 10-9359. Retinol at 12 ~tg/ml had a cytotoxic effect, i.e., a m a r k e d decrease in cellular D N A and protein (data not shown).
Morphology of Retinoid Treated Cultures
Histologic (Kreyberg [17]) staining o f retinoid treated cultures showed that all trans-retinoic acid, 13-cis retinoic acid and Ro 10-9359 (12gg/ml) greatly decreased (> 80 ~) the amount of red stained cell layers (data not presented). Phase microscopy of living 10-day-old cultures is presented in Fig. 3 . The control (3 a) and 0.2 ~ DMSO treated (3 b) cultures showed stratification and differentiation which was normal at this time point. Arrows indicate those areas which stained red when the Kreyberg technique was used. Figure 3 c shows a 13-cis retinoic acid treated culture; there were very few or no differentiating cell layers. All transretinoic acid (3d) and Ro 10-9359 (3e) also markedly reduced the differentiation of the cultures. In addition, 12gg/ml Ro 10-9359 induced extensive vacuole formation (open arrow). The vacuoles were membranebound as shown in Fig. 3f (arrow) . 
Effect of Vitamin A Analogs on Epidermal Keratinoeyte Proteins
Since the retinoids were inhibiting the gross differentiation of the cultures, the effect of 12~tg/ml 13-cis retinoic acid and Ro 10-9359 on specific epidermal proteins was studied. Protein fractions extracted from control cultures and from cells treated with 0 . 2~ DMSO, Ro 10-9359 (Ro), or 13-cis retinoic acid (13-cis) were analyzed using SDS-PAGE. The Coomassie blue stained gels are presented in Fig. 4 . Figure 4a shows that both Ro 10-9359 and 13-cis retinoic acid decreased the amount of 4 M urea extractable (noncovalently cross-linked) and 8 M + reducing agent extractable (covalently cross-linked) fibrous proteins (keratins). 13-cis retinoic acid had a more pronounced effect than Ro 10-9359. As shown in Fig. 4b , both Ro 10-9359 and 13-cis retinoic acid increased the amounts (and synthesis, autoradiograms not shown) of SDS soluble viable cell proteins. This indicated that neither retinoid was cytotoxic.
Cell envelope proteins do not enter the gels [18] . As the arrow indicates, less envelope protein was seen in the 13-cis retinoic acid treated cultured (Fig. 4b) .
The macroaggregated keratohyalin proteins (Fig. 5a) were increased by 0.2 ~ DMSO. Ro 10-9359 further increased the amount of protein in this fraction while 13-cis retinoic acid decreased these proteins to levels below those present in control cultues (no DMSO).
As seen in Fig. 5b , Ro 10-9359 treated cultures showed increased macroaggregated keratohyalin granule protein synthesis above the 0.2 Yoo DMSO value. 13-cis retinoic acid treated cultures, which also were exposed to the 0.2 G DMSO vehicle, showed little or no incorporation of [3H]his into this fraction.
No difference was noted between DMSO treated and Ro 10-9359 treated culture soluble keratohyalin granule proteins. 13-cis retinoic acid also decreased the amount of protein in this fraction (data not presented).
Discussion
The control of growth in many cell types is mediated by the cessation of cell proliferation with subsequent expression of the differentiation process [21, 22] . This same reciprocal relationship between proliferation and differentiation may exist in the epidermis. If these two keratinocyte functions were inversely expressed, then increased cellular proliferation would result in decreased differentiation, and inhibition of proliferation would induce the synthesis of keratohyalin granules, keratins, cell envelopes and other differentiationrelated proteins.
The experimental results presented here, however, show that keratinocyte proliferation and differentiation are not always inversely expressed. All the retinoids used in these studies arrested, to some extent, keratinocyte proliferation, possibly by action in the G1 phase of the cell cycle [24, 25] . These retinoids also inhibited the normal pattern of differentiation usually seen in these cultures. This was not simply a cytotoxic effect since keratinocyte cultures grown in Ro 10-9359 (the most extensively studied retinoid) remained viable. This was demonstrated by the fact that Ro 10-9359 treated cells retained the capacity to proliferate as shown by the eventual adjustment (refractoriness?) of the cells to the retinoid, and by the increase in the amount of viable cell (SDS soluble) and macroaggregated keratohyafin granule proteins.
All the vitamin A analogs studied inhibited epidermal keratinocyte differentiation when this function was assessed on a gross level by the Kreyberg histologic stain. This was not surprising since at least one retinoid, the aromatic Ro 10-9359, has been reported t ~ decrease markedly the horny layer as well as the number of tonofilaments and desmosomes of guinea pigs fed this retinoid [6] . A detailed analysis of proteins specific for epidermal differentiation was then performed on the Ro 10-9359 and 13-cis retinoic acid treated cultures.
To appreciate fully the retinoid effect, the usual differentiation pattern of these cells should be understood. The epidermal keratinocyte cultures start as basal cell monolayers. The cells contain small amounts of both non-covalently and disulfide cross-linked keratin proteins, and of cell envelopes [18] . Fifty to sixty percent of the total proteins in the cultures is extractable by SDS buffers, indicating that the monolayer consists mostly of viable, nucleated cells. As the cultures stratify (day 4) and become fully differentiated (day 7-8), the basal cells are overlaid by 6-8 layers of cells undergoing differentiation which contain increased amounts of keratohyalin granule, and keratin proteins, and cell envelopes [17, 18] . As cultures totally differentiate, the percentage of SDS soluble protein lessens, i.e., becomes 20-30 % of the total protein, although the absolute amount of protein in this fraction decreases by only a small amount. The keratin and cell envelope proteins are 60 % and 10-12 %, respectively, of the total protein in these cultures [18] . The upper cell layers slough off the fully stratified, mature cultures so that the total protein and DNA in the cultures stay at a steady-state level after approximately I week of growth [171.
Protein analysis data suggested that as 13-cis retinoic acid arrested basal cell proliferation, the production of cells capable of differentiating also stopped. A 10-12 day old culture grown in medium containing 13-cis retinoic acid had the protein profile of a younger, less differentiated culture. 13-cis retinoic acid was a very potent inhibitor of keratin protein and cell envelope formation, as has been reported for retinyl acetate by Fuchs and Green [27] and of keratohyalin granule protein synthesis. When a 10-day-old retinoid treated culture was compared with its control, the cells contained and synthesized larger amounts of SDS soluble protein. This showed that the cultures were viable, since cytoxicity decreases the amount of protein in the SDS fraction [18] and cell death stimulates epidermal keratinocyte differentiation [26] . 13-cis retinoic acid almost completely stopped another differentiation function: the synthesis of keratohyalin granule macroaggregated proteins (Fig. 5) .
Ro 10-9359 was the least potent inhibitor of epidermal keratinocyte proliferation. This retinoid significantly decreased culture stratification, and the amount of non-covalently and disulfide cross-linked keratin proteins. An increase in the percentage of SDS soluble protein was also induced by this retinoid. The Ro 10-9359 analog differed from 13-cis retinoic acid in that it increased the amount of protein present in the keratohyalin granule macroaggregated fraction. There is no obvious explanation for this observation. It is possible that when Ro 10-9359 arrested cell proliferation by 50-60 %, the cells that did divide produced progeny that expressed only a part of the differentiation program.
The keratohyalin granule protein fraction contains histidine rich proteins; some of these continue to become, by a process of dephosphorylation, stratum corneum basic protein (filaggrin) [28] . The progeny of the Ro 10-9359 treated cells might be expressing a different program, i.e., these proteins are being synthesized but not processed properly so that they accumulate in this fraction. Alternatively, this retinoid might be stimulating the production of keratohyalin granule macroaggregated proteins by a smaller popu-lation of differentiating cells. Whatever the case, the Ro 10-9359 ans 13-cis retinoic acid analogs had opposite effects on this aspect of epidermal keratinocyte differentiation.
A number of studies have reported both reciprocal and a concordant control of these two keratinocyte functions. Green reported that arresting basal cell proliferation by suspending the cells in medium containing methyl cellulose (an inhibitory effect on growth) led to terminal differentiation [26] . Hennings and coworkers [29] have also reported inverse expression of these functions. When keratinocyte cultures are grown in low to moderate calcium the cells go into a state of accelerated proliferation. These cells do not stratify or form desmosomal complexes, and corneum-related protein and keratin protein synthesis is also affected [29, 30] . Our studies on epidermal keratinocyte growth regulation have shown that cyclic AMP, which is an epidermal mitogen, stimulated the cells to produce a greater number of differentiating keratinocytes [31, 32] ; thus proliferation and differentiation are concordantly induced by this cyclic nucleotide. Additionally, the data presented in this report describes another example of concordant expression of growth control, i.e., proliferation and differentiation were both inhibited by the retinoids.
Thus, our work and that of a number of investigators working in the area of epidermal keratinocyte function indicate that proliferation and differentiation can be both reciprocally and concordantly expressed in the epidermis. The available data suggests that in vitro basal cell proliferation, and the production of a differentiating cell population can be regulated by a number of agents, i.e., cyclic nucleotides, vitamin A analogs and calcium, and that each agent or change may produce a unique effect on the balance between these two epidermal keratinocyte functions.
